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EXECUTIVE SUMMARY  

 

Work zones have become an essential and integral feature of U.S. highways. A work zone is set up 

when there is a need for rehabilitation and construction on an existing roadway, which usually requires 

the closure of a traffic lane and/or shoulder. However, if not managed properly, a work zone can become 

a burden or even a risk to the traffic. The goals that are set for work zone management, especially on 

freeways, are to maintain a safe and efficient flow of traffic, decrease the injury risk to traffic users as 

well as to construction forces. 

Intelligent work zones have been widely adopted in the United States because they have been 

proven to improve traffic safety and operations. One specific work zone technology, known as 

automatic queue detection (AQD), is designed to measure work zone-related queuing in real-time, and 

inform drivers upstream so they may be prepared to slowdown or stop. This report describes an 

evaluation of the performance and efficacy of the AQD systems installed at four locations on Interstate 

80 in Nebraska.  

The AQD system involves a number of technologies. Non-intrusive speed detectors are placed at 

one or more locations within and/or upstream of the work zone. They are often placed at a location, or 

locations, where queues may be reasonably expected to form. The AQD system also has one or more 

portable dynamic message signs (PDMS) placed upstream of the work zone. Based on the real-time 

speeds measured by the speed detectors, the AQD system algorithms identify appropriate messages to 

display on the PDMS. The algorithms and the messages vary across vendors and states. For the AQD 

systems examined in this study, when the downstream measured speeds drop below specific thresholds, 

then the corresponding warning messages are posed on PDMS that is located upstream of the work zone. 

These messages indicate that there is slowing or stopped traffic ahead and the drivers should slow down 

and be prepared to stop. 

Specifically, (1) the system performance was verified by examining whether the messages 

displayed on the portable dynamic message signs (PDMS) were consistent with the underlying AQD 

logic for the particular system being analyzed, and (2) the system efficacy was measured by determining 

whether driver space mean speeds were reduced when warning messages were provided on the PDMS.  

It was found that the AQD systems were functioning well as evidenced by an error rate of 0.7% ï 

2.3%. It was concluded that drivers did reduce their space mean speeds in response to the PDMS 

warning display indicating that there was slow or stopped traffic ahead. The decrease was found to be 

statistically significant and in the range of 3.5 to 7 mph. This was approximately 90% greater than the 

reduction in speed that occurred when the PDMS did not display any message. In summary, it was 

found that the AQD systems were operating correctly and, more importantly, they were effective in 

reducing the space mean speeds of vehicles approaching work zones. 

 



Results from the crash analysis show that most crashes occurred in the activity area and are rear-

ended. In addition, a crash is more likely to occur on weekdays, off-peak hour, in the daytime, no worker 

present at rural work zones. A crash is severer when drivers driving drunk, during the daytime, on 

weekdays, and more vehicles are involved. 

For crash occurred work zone areas, according to the model results, advance warning and transition 

areas need to pay attention to road conditions (e.g., worn, obstruction, debris), AADT, heavy vehicles, 

rural areas, and driver age younger than 25 years. Activity areas need to pay attention to work zone 

type, heavy vehicle, and curvature. Lastly, termination areas need to pay attention to nighttime, weekend, 

driving impaired (alcohol), young driver, and road conditions. Finally, the effect of the COVID 

intervention on I-80 crashes is evaluated. 

In summary, this report first reviews the representative research on the performance of AQD 

systems. Next, four test sites on I-80 in Nebraska and the data collection process are described. Then, 

the analysis of the data is conducted, followed by a statistical analysis designed to make inferences on 

the efficacy of the AQD system. Crash models are developed to study the safety features at work zones, 

taking into account of COVID impact. Conclusions and recommendations are provided at the end of 

the report. 
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1. INTRODUCTION  

 

A work zone can be described as a section of the roadway where construction or maintenance road 

activities are being undertaken, and they typically have driver warning signs or signals to control vehicle 

movement from the beginning to the end of the affected roadway section. Lane closures, especially on 

freeways, contravenes driversô expectations, reduces roadway capacity, and increases the exposure of 

work zone workers to passing vehicles. If the controls are not properly managed, long queues may be 

formed that increase delays and rear-end collisions.  

In 2015, work zone crashes caused 35,000 injuries and 700 fatalities (Paracha and Ostroff, 2018). 

The objective of work zone control signs is to manage and balance the mobility and safety challenges 

that typically exist in work zones (Ullman & Schroeder, 2014). Intelligent Transportation Systems (ITS) 

are often applied by the State Department of Transportation (DOTs) to achieve the mobility and safety 

objectives of work zones.  

In the last two decades, ITS systems have been widely promoted in the United States. Among them, 

an increasingly popular option is the automated queue detection (AQD) system. The goal of AQD 

systems is to 1) identify locations of unstable flow, 2) provide information to upstream drivers in 

advance of these areas of unstable flow, and 3) based on information provided to motorists have them 

take the appropriate action. This action could include slowing down and/or being prepared to stop when 

it becomes necessary.  

1.1. Intelligent Work Zone (IWZ) on Freeways 

Work zone sites in the United States often have lower or restricted speed limits, because excessive 

vehicle speeds and high variations in speed have been identified as two of the major contributing factors 

in crashes (Li and Bai, 2009). The information on the restricted speed limits historically has been 

provided using standard traffic regulatory signs located upstream of the work zone. 

Unfortunately, studies have shown that drivers do not always slow down in response to these 

upstream traffic speed signs (Garber and Patel, 1995). This could be problematic, particularly when the 

work zone is causing queueing that is hidden from the view of oncoming drivers. Drivers may not be 

aware of the queueing for a number of reasons including roadway geometry (e.g., poor sight lines due 
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to vertical alignment), environmental factors (e.g., snow, rain, glare, etc.), sight obstruction (e.g., large 

trucks), etc. When these situations occur drivers may have limited ability to reduce their speeds before 

encountering the queued vehicles, which increases the likelihood of a crash. 

Traditionally, the construction work zone may equip with static message signs or changeable 

message signs that do not provide real-time information on the expected travel time, delay, or operating 

speed. To overcome these issues, the ñintelligent work zoneò system has been adopted in the work zone 

projects, especially on freeways. 

Intelligent work zone (IWZ) system utilizes sensors, communications, and computers to get the 

real-time traffic conditions and provide dynamic information to the road users. In general, the system 

is portable and reliable and operates automatically and in real-time. The IWZ system is beneficial 

because the motorists are provided with real-time information so that they will not be surprised when 

delay, slow speed, or queue, as vehicles ahead suddenly begin to brake, which the behavior is 

hypothesized to contribute to rear-end accidents. 

On freeways, there is often a dynamic queue detection system as part of the IWZ setup to alert 

approaching drivers of stopped or slow-moving vehicles and avoid rear-end collisions. In 2015, the 

Federal Highway Administration (FHWA) launched the IWZ initiative to assist state DOTs to better 

manage work zones to improve safety and mobility. Typically, the IWZ applications serve a 

combination of the purposes such as speed monitoring, travel time display, incident detection and 

surveillance, over-height vehicle warning, and end-of-queue detection. 

Figure 1.1 shows a standard freeway IWZ layout in Nebraska. A typical IWZ setup that involves 

the advance queue detection function includes non-intrusive speed detectors placed at or near the taper 

of the work zone and a series of portable dynamic message signs (PDMS) placed on both sides of the 

road a few miles upstream of the work zone for information release. 
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Figure 1.1 Layout of the NDOT intelligent work zone 
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1.2. Advance Queue Detection (AQD) Systems 

Since 2019, the Nebraska Department of Transportation (NDOT) has implemented AQD systems on 

select Interstate 80 work zones. The AQD is one type of IWZ that focuses on detecting the queue, slow 

or stop traffic near the work zone, and informing the upstream motorists of the proper actions. 

Specifically, an AQD traffic management system is designed to identify critical changes in speed within 

or preceding the work zone and communicate this information to drivers upstream. The hope is that by 

providing accurate real-time information to the drivers, approach speeds will decrease, particularly 

during times of congestion, and safety will be improved. 

The AQD system is typically installed on work zones where there is (1) significant congestion and 

associated slowing or stopped vehicles and (2) sight line issues that preclude drivers from identifying 

the slowing/stopped vehicles. These types of work zones usually have one or more lanes of traffic closed. 

Note that periods of peak demand often occur during holiday periods, particularly in the western, rural 

areas of the state. The system structures can be simplified as shown in Figure 1.2. 

 

 

Figure 1.2. the framework zone an AQD system 

 

The speed sensors located at the beginning of the work zone first detect the real-time speed and 

send it back to the central processing system. A computation algorithm of the speed (e.g., rolling 

average) will be used to feed the PDMS with predefined warning messages. A schematic diagram of a 

typical Nebraska AQD system is illustrated in Figure 1.3.  
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Figure 1.3. The layout of the Nebraska AQD system (not to scale) 

 

It may be seen that the speed detector typically is placed at or near the taper of the work zone. The 

detector is used to measure the instantaneous speed at this location. Typically, the AQD system takes 

these individual instantaneous speed values and estimates a 3-minute or 5-minute rolling average speed. 

Intuitively, if the average speed is low (e.g., lower than a pre-defined speed threshold), it indicates a 

slow-moving queue has formed or is forming which represents a hazard situation for on-coming traffic.  

In addition, the AQD system also includes a set of PDMS placed upstream of the work zone on 

both sides of the road. The AQD system provides real-time information to the drivers through the 

messages posted on the PDMS. For example, it may be seen in Figure 1.3, based on the instantaneous 

speeds measured by the speed detector in the work zone, the AQD system has detected that there is 

stopped traffic at the beginning of the work zone and has posted a message that approaching drivers 

should be prepared to stop. 

Given different traffic conditions at work zones, NDOT provides a typical setting of the PDMS 

display in accordance with the calculated speed, as shown in Table 1.1. As a function of the estimated 

rolling average speeds, one of three standard warning messages will be displayed on the PDMS. 

· If the rolling average speed is less than 25 mph the warning message ñSTOP TRAFFIC 

AHEAD, PREPARE TO STOPò is displayed on the PDMS. This will be referred to as ñSTOPò 

status for the remainder of the report. 

· If the rolling average speed is between 25 mph and 45 mph the warning message ñSLOW 

TRAFFIC AHEAD, SLOW DOWNò is displayed. This will be referred to as ñSLOWò status 

for the remainder of the report. 
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· If the rolling average speed is greater than 45 mph, no warning message is displayed. The 

PDMS simply displays nothing or places four asterisks at the corners of the sign. This will be 

referred to as ñNONEò status for the remainder of the report. 

 

Table 1.1. Predefined speed and message 

Last 3-min/5-min average speed V (mph) PDMS message 

V ² 45 

  

25 < V < 45 

  

V ¢ 25 

  

 

It is important to note the warning messages follow the MUTCD guidance. In particular, the 

messages provided during the ñSTOPò and ñSLOWò status are displayed in two phases. To illustrate, 

when the AQD is in ñSTOPò status the phrase ñSTOP TRAFFIC AHEADò is displayed first. This is 

followed by the phrase ñPREPARE TO STOP.ò These two messages are alternated at three-second 

intervals until the STOP status phase is no longer active. 

Note that the AQD system is adopted by the NDOT on some of their freeway work zone projects. 

The settings of the AQD system are location specific and depend on the traffic condition and 

construction intensity at the work zones. In fact, the AQD design is based on the characteristics of the 

work zone site. The NDOT operations engineers, in consultation with the AQD operators, may decide 

that for complex work zones (e.g., how many detectors and PDMS are required, where these should be 

placed, and the values of the operating parameters). For example, more than one speed detector may be 

required to provide information to the AQD algorithm. In addition, the location and number of PDMS 

units will be a function of the expected queue length at each test site. Intuitively, it is important to place 

the PDMS well upstream of the expected end of the queue so drivers will have the time to adjust their 

speeds in response to the information provided on the PDMS. The distance of the upstream location 

will be based on the characteristics of the site and the engineerôs judgment. 
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1.3. Objectives and Benefits 

The first objective of the study will be to determine whether the AQD system is performing adequately. 

For example, the researchers will ascertain whether the correct messages are being displayed on the 

PDMS for given traffic conditions at the AQD detectors. For instance, if the AQD system identifies a 

queue, the research will confirm that the correct message is displayed on the PDMS upstream of the 

queue. The hypothesis that will be tested is that the correct message is displayed X percent of the time. 

The acceptable range used will be identified by the TAC. The hypothesis tested is shown below: 

H0: The AQD system displays the correct message within an acceptable range (e.g., X percent 

of the time). 

The second objective of the study will be to ascertain how the drivers react to the messages 

displayed on the PDMS. It is expected that when the drivers are informed that a queue is present ahead 

of them, they will slow down. The amount of speed reduction will be quantified as a function of distance 

from the PDMS. The hypothesis that will be tested is that the drivers will, on average, drive slower in 

response to the queue-related PDMS messages. In other words, the average speed in the vicinity of the 

PDMS will be lower when a ñstop/slow traffic aheadò message is displayed as compared to when a 

ñroadwork aheadò message is displayed. Also, the location of the end-of-queue will be monitored to 

determine whether the response of drivers is linked to the message on the PDMS and not the tail-light 

of vehicles at the end-of-queue. The delay associated with the work zone will also be estimated from 

the empirical data using the Highway Capacity Manual 6th version (HCM6) methodology [3]. The 

hypothesis tested is shown below: 

H0: A statistically significant decrease in average speed will occur when the PDMS indicates 

that the drivers should be prepared to stop because a queue has been detected ahead. 

The third objective of the study will be to determine if crash rates are lower on the SWZ equipped 

with the AQD system and will compare them to crashes on work zones without the AQD system using 

statistical theory. Note that the static signage at both types of locations will be consistent with NDOT 

practice. The focus will be on rear-end crashes, but all types of crashes will be examined. The hypothesis 

tested is shown below: 

H0: The crash rate for work zones equipped with the AQD system will be lower than work zones 

that are not equipped with the AQD system. 
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The insights gained from this research will improve the safety and efficiency of operations at 

freeway work zones within the State of Nebraska. There are four main benefits:  

a. The functionality of the current AQD system will be validated using empirical data. In addition, 

any potential modifications and improvements will be identified; 

b. The efficacy of the systems as measured by a reduction in average vehicle speed as a function 

of distance from the PDMS and the message displayed on the PDMS will be quantified; 

c. The crash reduction rates associated with the AQD systems will be quantitatively identified;  

d. The NDOT benefit/cost procedure for the AQD system deployment will be validated. This will 

help NDOT refine the criteria used to justify the deployment of the AQD systems and 

determine when AQD systems should be used in work zones, etc. 

 

The results of this project, including the validation of the NDOT benefit/cost procedures, will help 

NDOT engineers in deciding 1) when a lane closure may be used, 2) the length of time the lane closure 

should be active, and 3) whether an AQD system should be installed. The results can also provide 

evidence of compliance amongst drivers so NDOT may consider complementary systems. For example, 

enforcement may be used if the systems are found non-compliant.  

1.4. The Scope and Structure of the Report 

The project focuses on those IWZs on Interstate-80 in Nebraska where AQD systems are installed. 

Specifically, it aims to evaluate the effectiveness of the AQD systems which are designed for the 

application in Nebraska work zones.  

The report will start with a comprehensive literature review on the engineering practices of the 

AQD systems applied in different states. Chapter 3 describes the data collection efforts at the selected 

work zone test sites, followed by data processing procedures. Crash analysis and modeling are 

conducted in Chapter 5, and the COVID influence on the traffic crashes is considered in Chapter 6. 

Results are summarized in Chapter 7 as evidence of the objectives proposed in this project. Finally, 

conclusions and recommendations are provided. 
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2. LITERAT URE REVIEW  

 

Because of the dynamic nature of work zones, in terms of traffic volumes and continuous changes in 

lane or section locations, portable sensors that are integrated with portable dynamic message signs 

(PDMS) are often deployed for real-time ITS data collection and analysis (Luttrell et al. 2008) and 

provide actionable driver information. The integration is referred to as a smarter work zone (SWZ) or 

work zone ITS or Intelligent Work Zone (IWZ). The IWZs are often temporarily deployed to 

dynamically control traffic that is within or approaching the work zone, especially on high-speed 

highways (Paracha and Ostroff, 2018). 

The automatic queue detection system (AQD) is an essential component of the queue warning 

system to alert drivers of safety issues caused by slowed or stopped vehicles on freeways at the tapers 

of a work zone. Essentially, the AQD system measures the speed at various locations and relays real-

time information upstream to a portable dynamic message sign (PDMS). The goal of the system is to 

warn drivers about upcoming queues ahead. If no queues are detected, the PDMS simply informs 

drivers of road works ahead. The system is designed to reduce vehicle speeds as they approach the 

queue and/or work zone, and therefore reduce the risk of a rear-end crash (Hourdos, 2019). The 

following subsections summarize existing queue detection systems in some selected states in the 

Midwest. 

2.1. Work Zone Speed Management Systems 

Negative driver behavior including speeding, following too closely, and suddenly slowing or stopping, 

has been reported as the most common contributing factor for rear-end crashes in work zones (Raub, 

2001; Akepati and Dissanayake, 2011). It is assumed that if transportation agencies could reduce speed 

in the work zone and inform drivers of upcoming queues in real-time, it would reduce the number of 

rear-end crashes. This will make the work zone safer for both construction workers and the traveling 

public. 

There are various speed management techniques that can be used in work zones such as the 

presence of law enforcement (e.g., police vehicle), photo-enforcement, flaggers, rumble strips, and 

providing real-time variable speed advisories. Using dynamic message signs (DMS), which are also 

called changeable message signs (CMS) or variable message signs (VMS), to provide information to 
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drivers upstream of the work zones has been identified in the literature as one of the most effective 

techniques for reducing speeds (Lin et al., 2004). 

The use of the DMS to provide real-time information to drivers in order to reduce vehicle speeds 

can be roughly divided into two categories. In the first category, the general design involved a DMS 

connected to a radar unit generally in close proximity to the work zone. The radar unit was used to 

measure the instantaneous speeds of vehicles as they approached the work zone. The instantaneous 

speed was then displayed on the DMS so that the driver could see their speed and, more importantly, 

whether this speed was higher than the speed limit. The goal of the system was to inform drivers of 

their current speeds, warn drivers when they were exceeding the speed limit, and hopefully result in a 

lowering of the speeds of those drivers who had been exceeding the speed limit at or approaching the 

work zone (Wang et al., 2003).  

The second category uses a Portable DMS (i.e., PDMS) as an integral part of the AQD system. 

The PDMS provides information on real-time speeds of the traffic downstream from the PDMS rather 

than speed information on an individual vehicle at the PDMS. In this system, the PDMS is located 

upstream of where the instability in speed (e.g., slowing or stopped vehicles) is expected to occur. Note 

that the exact location of the PDMS depends on the characteristics of both the vehicle traffic and the 

work zone. This will be discussed in detail later. 

The AQD systems were first developed in the early 1970s (Kermode et al., 1970; Dudek et al., 

1978a; Dudek et al., 1978b) and in recent years have been adopted by many State Departments of 

Transportation including those of Michigan, Wisconsin, Texas, Minnesota, Illinois (Hallmark, et. al., 

2020). Their effectiveness was usually assessed by driver compliance, as measured by instantaneous 

speed, with the informational, advisory, or warning message that is displayed on the DMS/PDMS. In 

practice, a large number of studies have observed that work zone instantaneous speeds at specific 

locations were reduced as a result of DMS/PDMS implementation. Table 2.1 summarized the results of 

representative studies on the effectiveness of DMS/PDMS at high-speed intelligent work zones in 

literature. 
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Table 2.1. Studies of the Speed Management Techniques Using DMS/PDMS 

Research 
WZ Location 

&Type 

Site 

Informationa 

Message Sign 

Location 

Message 

Display 
Speedb 

Speed 

Variation 

Richards 

et al., 

1986 

I-10 in 

Texas, urban 

6-lane 

freeway 

Volume = 

1550 vph, 

Truck = 

20%, 

PSL=60mph, 

RSL=40 mph 

At the work 

zone taper 

Advisory 

speed and/or 

informational 

message 

3 - 9 

mph 

decrease 

No sig. 

change 

Garber 

and Patel, 

1995c 

I-81 in 

Virginia, 

urban 4-lane 

freeway 

Volume = 

24000 vpd, 

PSL = 65 

mph, RSL = 

55 mph 

At the work 

zone taper 

ñHigh Speed, 

Slow 

Downò; 

ñYou Are 

Speeding, 

Slow Downò 

0.7 - 5.6 

mph 

decrease 

Decrease 

McCoy et 

al., 1995 

I-80 in 

Nebraska, 

urban 4-lane 

freeway 

Volume = 

38000 vpd, 

Truck = 

21%, PSL = 

75 mph, RSL 

= 55 mph 

At the work 

zone taper 

Current 

speed display 

4 - 5 

mph 

decrease 

No sig. 

change 

Fontaine 

and 

Carlson, 

2001 

US-62 in 

Texas, rural 

2-lane 

highway 

Volume = 

1000 vpd, 

PSL =70 

mph 

0.439 ï 0.587 

mile upstream 

of the work 

zone taper 

Current 

speed display 

Car: 2 -  

9 mph 

decrease

; Truck: 

3 - 10 

mph 

decrease 

- 

Wang et 

al., 2003 

Georgia, 

rural 2-lane 

highway 

Truck% = 

35%, RSL= 

45 mph 

At the work 

zone taper 

ñYou Are 

Speeding, 

Slow Down 

Nowò; 

ñActive 

Work Zone, 

Reduce 

Speedò 

7 - 8 

mph 

decrease 

Decrease 
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King et 

al., 2004 

I-70 in 

Missouri, 

urban 4-lane 

highway 

PSL = 70 

mph 

2 and 5 miles 

upstream of 

the work zone  

ñActual 

Speeds 

Ahead/xx 

mphò; ñSlow 

Traffic/xx 

miles 

Aheadò; etc. 

7 mph 

decrease 

Decrease 

Mattox III 

et al., 

2007 

SC219, 

SC290, SC72 

in South 

Carolina, 2-

lane highway 

Volume = 

122-250 vph; 

PSL = 45 

mph 

within work 

zone 

Speed-

activated 

sign: ñYou 

Are 

Speeding If 

Flashingò 

2 ï 6 

mph 

decrease 

- 

Zech et 

al., 2008 

I-90 in New 

York, rural 

four-lane 

freeway 

PSL = 65 

mph RSL = 

45 mph 

0.29 ï 0.857 

mile upstream 

of the work 

zone 

i. ñRight 

Lane Closed, 

Keep Leftò; 

ii. ñWZ Max 

Speed 45 

MPH, 

Prepared to 

Stopò; iii. 

ñLeft Lane 

Closed, Keep 

Rightò 

3.3 - 6.7 

mph 

decrease 

for ii; 

No sig. 

change 

for i and 

iii  

0.2 - 2.0 

mph 

increase 

for ii; ī2 

to 1.13 

mph 

change 

for i and 

iii  

Li et al., 

2010 

US-36 and 

US-73 in 

Kansas, rural 

two-lane 

highway 

Volume = 

3400 ï 3630 

vpd, PSL = 

65 mph, RSL 

= 45 mph 

0.284 mile 

upstream of 

the work zone  

ñRoad Work 

Ahead, Slow 

Downò 

4.7 mph 

decrease 

- 

Huang 

and Bai, 

2014 

K-13 in 

Kansas, rural 

two-lane 

highway 

Volume = 

1200 vpd, 

PSL = 65 

mph 

0.1 mile 

upstream of 

the work zone  

ñWork Zone 

Ahead, Slow 

Downò; 

ñFlagger 

Ahead 

Prepare to 

Stopò 

8 mph 

decrease 

- 
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Domenich

ini et al., 

2017d 

Four-lane 

highway 

using  

simulator 

PSL = 80 

mph 

0.43 mile 

upstream of 

the work zone  

ñReduce the 

Speedò 

5.7 mph 

decrease 

1.8 mph 

increase 

Bham and 

Leu, 2018 

I-44 in 

Missouri, 

rural 4-lane 

highway 

PSL = 70 

mph 

1.5, 2.3, 3.9, 

and 5.6 mi 

upstream of 

WZ 

Caution, WZ 

Ahead, 

Reduce 

Speed, etc. 

9.35 - 

48.91 

mph 

decrease 

Increase 

a PSL = post speed limit at non-work zone; RSL = Regulatory speed limit at work zone. 

b The speed evaluated in the literature refers to the time mean speed (spot speed). 

c Seven sites were tested in total at I-81 and I-64 with other messages of ñExcessive Speed, Slow Downò 

and ñReduced Speed in Work Zone.ò 

d The change of mean speed and speed variation is calculated using values at Site B minus values at 

Site A. 

 

Although extensive empirical research on the performance of PDMS has been done, there are still 

gaps in the literature. For example, while all of the studies listed in Table 1 reported a reduction in work 

zone time mean speeds, the magnitude of the speed reduction varied across the sites. More importantly, 

the few studies that did examine the variability of speeds in the work zone arrived at conflicting 

conclusions. In other words, it is still an open question on whether the use of PDMS to provide real-

time information impacts the variability of work zone speeds. 

Furthermore, studies in literature analyzed the effectiveness of the system by comparing the time 

mean speeds upstream and downstream from the PDMS locations. By definition, time mean speed, 

which is measured a particular point in the work zone, may not capture driver speed changes along the 

entire road segment. This is particularly true when traffic is congested (Kim et al., 2013). In this 

situation using space mean speed, which is taken over a definite length of roadway, may provide more 

meaningful results as it wonôt be as susceptible to transitory effects that can occur when measuring the 

speed at one location. 

In addition, some studies found that the PDMS was no more effective than traditional speed 

management techniques (e.g., static signage) in reducing speeds (McCoy and Pesti, 2002; Huebschman 

et al., 2003). In these situations, the authors attributed this to a number of factors including PDMS 

location (e.g., too far from work zone), traffic flow conditions (e.g., uncongested), and/or road geometry 

restrictions. Therefore, while the AQD system has been shown to be effective, many authors have 

indicated that these systems have to be designed for the specific work zone conditions in order for them 

to achieve maximum effectiveness (Middleton et al., 2011; Ullman et al., 2014; Azimi et al., 2021). 

This study investigates AQD systems that have been implemented on Interstate Highway work 

zones in Nebraska. These AQD systems consist of a downstream speed detection system that feeds real-
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time speed estimates to upstream PDMS. First, the operation of the AQD system was verified by 

examining the measured space mean speeds at the AQD detector locations and ensuring that the 

associated PDMS messages were consistent with the underlying system logic. Second, the behavior of 

drivers, as a function of the message on the PDMS, was studied by comparing empirical travel times 

(e.g., space mean speed) of vehicles on the freeway segments immediately upstream and downstream 

of the PDMS. Note that individual vehicle travel time information is not collected as part of the AQD 

system. To the authors' knowledge, this is the first study that evaluates the effectiveness of an AQD 

system using travel time (e.g., reciprocal of space mean speed) over roadway segments rather than time 

mean speed at select locations. 

2.2. AQD Applications among DOTs 

Several state DOTs have deployed IWZ applications provided by the state themselves or through 

various private suppliers over the years. The characteristic features of the IWZ are that they should be 

portable, automated, and reliable to obtain and analyze traffic data in real-time. Examples of IWZ 

systems include but are not limited to the following: Traffic Information and Prediction System (TIPS), 

Advance Speed Information System (ASIS), Computerized Highway Information System (CHIPS), 

ITSWorkzone, Automated Data Acquisition and Processing of Traffic Information in Real-time 

(ADAPTIR), the Automated Information Management System (AIMS), etc. A detailed description of 

some of the existing IWZ can be found elsewhere (Pant, 2017). A review of the literature shows that all 

IWZ works with the objective of one or more of the following functions:  

· Construction Equipment Alerts ï Intended to inform motorists about a construction vehicle in 

the traffic stream. 

· Travel Time Display ï Provides travel time information to assist motorists to make informed 

route choice decisions.  

· Incident Detection and Surveillance ï The objective is to provide incident information to 

motorists as they happen and enable faster response times to incidents.  

· Over-Height Vehicle Warning ï Provides warning alerts to motorists in advance for work 

zones with low structures.  

· Speed Monitoring ï To enhance the compliance of speed reductions and facilitate uniform 

speeds. 

· Queue Detection ï The objective is to address the safety issues caused by slowed or stopped 

vehicles on freeways at the approaches to a work zone.  

 

Over the past two decades, there have been several studies on the benefits of IWZ applications. 

This section gives a review of the efforts by the Federal Highway Administration, state DOTs, and 

academia. The FHWA website describes IWZ applications and provides reports that overview concepts, 

guidance, and benefits of IWZ. According to Pant (Pant, 2017), these reports outline the characteristics 
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of an IWZ system and provide motorists with actionable information in real-time within a work zone 

(Scriba and Atkinson, 2014) outlined costs of deployment, troubleshooting, different ITS equipment in 

existence, and of course the variation of the needs of work zones. 

In 2014, the FHWA developed an IWZ Implementation Guide to assist in the design and 

implementation of IWZ (Ullman et al., 2014). This was followed by the IWZ initiative as part of round 

three of the Every-Day Counts program (Paracha and Ostroff, 2018). The FHWA launched the SWZ or 

IWZ initiative in 2015 to encourage and assist state DOTs/agencies to produce better work zone 

operating plans. According to the FHWA, this initiative has contributed to minimizing travel delays, 

enhancing safety, and maintaining access to business and residential facilities. Also, the FHWA has 

developed an IWZ implementation Tool as a software application to the Guide that supports 

independent decision-making on IWZ deployment. These documents can be accessed via the FHWA 

website (FHWA, 2022). 

Many state DOTs have undertaken studies to evaluate IWZs and produced guides to help achieve 

mobility and safety metrics in the implementation of IWZs. A good summary of the IWZ applications 

and results from case-by-case study efforts can be found in a project report completed by the Arizona 

DOT, where it may be seen that the installation of IWZs result in mobility and safety improvements 

(ADOT, 2019).  

Currently, many state DOTs are implementing IWZs in an integrated way to achieve two or more 

objectives within the same system implementation. For example, the Kansas DOT implemented an IWZ 

system that has both dynamic lane merge and queue warning systems at an approximate cost of $840 a 

day (KDOT, cited in ADOT, 2019). There is a growing recognition that one of the major safety 

measures in freeway work zones is to address the issue of the back of queue crashes by installing 

automatic queue warning systems. 

 

· Illinois D OT 

Illinois DOT (IDOT) began the installation of queue detection systems in the early 2000s because of 

the incidents of a severe crash on the I-57 (Hallmark et al., 2020). IDOT has two queue detection system 

approaches used for long-term and short-term projects. The latter is usually on-call and used for projects 

that span two weeks or less. It is a low-cost alternative to the long-term system setup. More importantly, 

the specific equipment for the queue detection systems is determined by the traffic control company 

that wins the bid and not by IDOT. The interstate or highway selection criteria for a queue detection 

system are based on conditions that cause more than five minutes of delay, a mile of the backup queue, 

and other traffic patterns. According to Ullman & Schroeder (Ullman & Schroeder, 2014), the 

evaluation of a queuing system in Illinois resulted in a 14% decrease in queuing crashes and an 11% 

decrease in injury crashes. Another study resulted in a 13.8% reduction in rear-end crashes (Roelofs 

and Brookes, 2014). 
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· Iowa DOT 

In Iowa, Traffic Management Centers (TMC) are used in the IWZ operations. Real-time travel data is 

collected using sensors and cameras and sent to the TMC via a machine learning algorithm 

(Kinckerbocker et al., 2018). The TMC Operators then sent actionable messages to PDMS, social media, 

and the 511 system. There are four levels of speed limits that the logic is being implemented: at 70 mph 

(normal conditions, no message), at 55 mph (advised), 45 mph (advised), and 35 mph (advised). Iowa 

uses the TransSuite transportation management system for queue alerts. A typical message displayed 

on the PDMS relating to the estimated speed is as follows - (1) below the free-flow speed at a given 

threshold - óSlow Traffic Ahead,ô (2) below the speed threshold - óStopped Traffic Ahead,ô and (3) 

when speeds are regained ï óTraffic Delays Possible for up to xx minutesô depending on the conditions 

of the work zone (Hallmark et al., 2020). 

 

· Kansas DOT 

In addition to the actionable information on PDMS, traffic and video data are supplied to the Kansas 

City Traffic Management Center (http://www.kcscout.net/) to assist early incident detection and traffic 

flow conditions. In Kansas, the general public is able to obtain work zone real-time traffic information 

online using JamLogicôs platform (Bledsoe, 2014). According to (Hallmark et al., 2020), there was a 

50% traffic diversion when the PDMS displayed a delay of 7 minutes or more.   

 

· Michigan DOT 

Michigan DOT started implementing IWZ over a decade (ADOT, 2019). The study on the queue 

warning system in Michigan DOT started in 2012 and has then been standardized (Hallmark et al., 

2020). The placement of queue warning systems is based on the following roadway characteristics (e.g., 

peak hour lane closure, one or more-mile queue length) and at least an automatic queue advisory and 

speed-based IWZ systems are deployed. The evaluation of the impact of the queue warning systems in 

Michigan has resulted in a 60% to 40% percent reduction of total rear-end crashes (Hallmark et al., 

2020).  

 

· Minnesota DOT 

Minnesota DOT uses an IWZ Toolbox that provides the basis for various ITS work zone system 

selection (MnDOT, 2008). Similar to the operation of the queue warning systems in the other states, the 

MnDOT system provides congestion notifications and alerts motorists of a traffic stop or slow-moving 

traffic. The MnDOT system requires PDMSs to be incrementally spaced and automatically activated 

when the queue is within a mile away from the PDMS location. The messages on the PDMS switches 

from ñPrepare to Stopò when queues are detected otherwise it stays blank or is used for other purposes. 

According to Hallmark et al., (2020), an evaluation of the system set up in Minneapolis showed that the 

queue detection was within ±5 seconds from when the empirical queue was observed. The overall true 

file:///C:/Users/14028/Desktop/Ernest_papers/WorkZone/Bledsoe,%20J.,%20Raghunathan,%20D.,%20&%20Ullman,%20J.%20(2014).%20Kansas%20Demonstration%20Project:%20Improvements%20to%20the%20Homestead%20Lane/I-35%20Interchange%20in%20Johnson%20County
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positive queue detection rate was 84% which ranges from 74% to 96.7%. Another study resulted in a 

22% and 54% decrease in crashes and near-crashes (Hourdos et al. 2017). 

 

· Missouri DOT 

In Missouri, queue length detectors in combination with other ITS equipment are used to monitor and 

provide actionable information to motorists via PDMS. The system uses the TransSuite software in 

combination with HERE probe speed data to monitor speeds and display information to motorists at 

varying speed thresholds. According to Clark et al. (2017), the system is effective in supporting smooth 

traffic flow, advising motorists, and providing warnings. 

 

· Texas DOT 

In Texas, an integrated system developed by the Texas Transportation Institute is used to monitor the 

work zone and disseminate motorist information. The system aims to automatically detect and predict 

queue formation and disseminate actionable information such as óslow and stopped traffic ahead.ô 

According to Habermann (2015), before the deployment of the system ï there is an agreed concept of 

operations with stakeholders and the public. An evaluation of one of the queue warning systems set up 

in Houston resulted in a decrease in speed variance, a 55% reduction in forced lane changes, and a 2% 

to 3% reduction in erratic maneuvers (Pesti et al. 2008). 

 

· Wisconsin DOT 

The Wisconsin DOT completed a study to evaluate a work zone queue warning system in Manitowoc 

County along I-43. This study was initiated because of the spike in work zone crashes and fatalities in 

2015. The main objective was to collect and analyze speed data in and on the tapers of the work zone 

to determine driver behavior. The study compared crashes from a similar project without the queue 

warning system. According to the Wisconsin DOT cited in Hallmark et al. (2020), it was found that 

there were 15% and 65% decreases in queue-related crashes and injury crashes, respectively. 

2.3. Summary 

The literature review has shown that there is a growing interest in the use of smart work zones during 

road construction, especially on interstates. There are numerous settings employed by several state 

DOTs. However, the basic characteristics of these smart systems are that they need to be automated, 

reliable, and portable to obtain and analyze traffic data in real-time, and then communicate actionable 

information to motorists.  

Intelligent work zones are designed with the goal to enhance safety and mobility by employing 

sensors, estimation algorithms, and traffic management strategies. The evaluation of these intelligent 

work zones has resulted in considerable positive results on safety and mobility through the back of 
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queue management, safe lane merging, speed reductions, facilitating uniform speeds, route diversion, 

and other traffic control techniques. 

One of the major safety measures in freeway work zones is to address the issue of back of queue 

crashes. State DOTs have deployed automatic queue warning systems to provide visual warnings and 

actionable information to ideally help drivers to prepare for slow-moving or stopped traffic in and 

around the work zone.  

It is the hope of many state DOTs that, drivers comply and take the needed actions. However, 

drivers are often distracted and may fail to read alerts or recognize warning signs especially when signs 

are a few miles away from the tapers of the active work zone. In other cases, drivers just fail to comply 

with the warning signs they receive. This report evaluates the effectiveness of the automatic queue 

detection system and estimates the compliance rate of drivers approaching the work zone after 

displaying actionable information.   
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3. DATA COLLECTION  

 

To evaluate the effectiveness of the AQD system, one of the critical traffic conditions is there should 

be slow-moving traffic, or queues, in the work zone so that a type of warning message will be displayed 

and conveyed to upstream drivers. Therefore, on one hand, high-volume traffic is expected during the 

data collection period to form queues at the beginning of work zones. On the other hand, the queues 

should be far from reaching the upstream PDMS locations so drivers would see the warning message 

before seeing the end of the queue. This was not that difficult to reach in normal conditions since at 

least one lane will be closed at the test site, which will naturally generate a merging bottleneck, as 

shown in Figure 3.1.  

 

 

Figure 3.1 Data collection on queued traffic conditions at a test site 

 

However, under the influence of the COVID-19 pandemic and its interventions, traffic flow was 

dramatically reduced during the work zone activation seasons. Heavily congested traffic scenarios were 

rarely observed. Therefore, the data collection of travel times at PDMS has to be conducted in a two-

phase manner. Note the impact of COVID-19 on the traffic performance of the work zone test sites will 

also be studied later in this report. 

3.1. Preliminary Studies and Test Site Selection 

Before conducting holistic data collection, preliminary studies were performed to understand the 

function of the AQD systems and select the work zone test sites. AQD systems provided speed at the 

taper of the work zone merging area (i.e., beginning of the work zone) at a 1-min interval, which 

activates a warning message with the time and content information to the PDMS. Depending on 

different settings, more speed detectors at 1-mile and/or 2-mile upstream of the work zone may also be 
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available, although these speeds are not used to feed the warning message according to the AQD 

algorithm. In addition, the AQD systems also provided vehicle counts, large vehicle counts, etc.  

To this end, data from the AQD systems at Big Springs (Westbound I-80) test site was obtained. 

The traffic volume and heavy vehicle percentage data in the week of September 14 to September 20, 

2020, were compared to manually observed data from cameras on September 20, 2020. Figure 3.2 

shows the verification of the traffic counts. 

 

 

 

Figure 3.2. Data verification for the traffic counts at Big Spring (Shaded area indicates the data varies 

in a week from Sep. 14 to Sep. 20, 2020. Solid curve represents one-day data from Sep. 20, 2020, and 

the dotted points are field obseration at the same time and location) 

 

As the core algorithm of the AQD systems, average speed and warning messages are obtained and 

studied. Figure 3.3 provides an example of the AQD data with sporadic slow or stop traffic at the work 
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zone, which green, yellow, and red colored timeframes indicating the display content on the PDMS 

were STAR, SLOW, and STOP, respectively. 

 

 

Figure 3.3. Illustration of a speed and message matching example at Big Springs 

 

Intuitively, Figure 3.3 shows the released message matches the detected speed very well. There 

may be inconsistency (i.e., error) where the warning message was displayed however it shouldnôt, 

according to the calculated average speed, as arrows marked in Figure 3.3 ! ɼ. In 

those cases, the speeds were above 45 mph, however, during these periods the PDMS displayed the 

SLOW warning message (timeframes were indicated in yellow color).  

Note all the speed and warning message data are provided from AQD systems. A further statistical 

study will report a quantitative result of the matching rate at different locations. The preliminary studies 

help to identify possible problems that need attention.  

It is anticipated that the criteria used to select the test sites will include: 

a) Work zone location (e.g., urban, rural), 

b) Number of lanes (e.g., 3-to-2, 2-to-1), 

c) Traffic density, 

d) Truck percentage, 

e) Road geometry (e.g., grade, curvature), and 

f) Presence of existing AQD systems. 

 

Although listed in the last, many time the presence of existing AQD systems that are avaible as 

test site is critical. This is due to the fact that NDOT has not widely installed AQD systems for the 

construction work on Interstate. Finally, all the study sites are identified in consultation with the TAC 

and NDOT traffic engineers.  
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3.2. AQD Speed and Warning Message Data Collection 

Based on the preliminary results of the AQD data from all available IWZs on I-80 in Nebraska, four 

test sites were selected to study the effectiveness of the functionality of the AQD systems. Specifically, 

the goal was to make sure the AQD systems work functionally as expected. Data from the four selected 

test sites, as shown in Figure 3.4, were obtained to analyze the system errors during the study period. 

Test site 1, located near Wood River, NE, involved a reduction from two lanes to one lane in the 

eastbound direction. As shown in Figure 3.4 (a), the AQD system consisted of a speed detector that was 

located at the taper of the lane closure. It also included two sets of PDMS. The first and second PDMS 

was located approximately 1 mile and 5 miles upstream of the speed detector, respectively. 

Test site 2, located near Ashland NE, had a reduction from three lanes to two lanes in the 

westbound direction. Similar to Test Site 1, the speed detector was located at the taper of the work zone. 

As shown in  Figure 3.4 (b), the test site also utilized two sets of PDMS, which were located 

approximately 1.5 miles and 2.5 miles upstream of the speed detector, respectively. 

 

 

(a) Wood River test site                   (b) Ashland test site 

 

(c) Waco test site                    (d) Big Springs test site 

Figure 3.4 Layout of the AQD systems at different test sites. The blue cross indicates lane closure. 

The AQD system made of speed detector and PDMS is in red triangle and rectangle, respectively. 

 

Figure 3.4 (c) shows the Waco test site. This work zone had a reduction from two lanes to one lane 

in the westbound direction. It also utilized two sets of PDMS located upstream of the speed detector. 
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The first was located approximately 1 mile upstream and the second was located approximately 3 miles 

upstream. 

The AQD systems at the Big Springs test site, as can be seen in  Figure 3.4 (d), were more complex 

because the work zone was located at the interchange of two Interstate highways (e.g., I-80 and I-76) 

and was approximately 5 miles long. This work zone had a reduction from two lanes to one lane in the 

westbound direction. Because this work zone included multiple construction activities, the designers 

chose to utilize two speed detectors. The first detector was installed at the taper of the Work Zone. The 

second detector was installed approximately 3.5 miles downstream from the first detector and was used 

to measure vehicle speed within the work zone.  

The AQD logic was such that the lowest rolling average speed from the two speed detectors was 

used at the input to the AQD algorithm. In other words, the lowest rolling average speed was used to 

identify which message to display on the upstream PDMS. This test site also utilized two sets of PDMS 

located upstream of the speed detector. The first and second PDMS sets were located approximately 1 

mile and 3 miles upstream of the work zone, respectively. Both sets of PDMS were designed to display 

the same message simultaneously. 

The summary of the AQD data collection at the four locations is shown in Table 3.1. 

 

Table 3.1 Summary of the AQD data collection 

 

Test site Wood River Ashland Waco Big Springs 

AADT (vpd)* 21811 43074 25245 15070 

Heavy vehicle percentage* 36.6% 17.4% 33.5% 47.1% 

Lane configuration 2-to-1 3-to-2 2-to-1 2-to-1 

Work zone length (mi) 5 6 4 11 

AQD data collection  

(0:00 am ï 11:59 pm) 

8/14/2019 ï 

11/15/2019 

4/15/2020 ï 

7/22/2020 

4/8/2020 ï 

9/11/2020 

6/16/2020 ï 

10/19/2020 

*Annual Average Daily Traffic (AADT) and truck percentage were obtained from the NDOT website. 

NDOT conducted counts before the work zone construction in 2020 and the AADT from the nearest 

collection station on I-80 was used in this table. 

 

As mentioned previously, the AQD system is designed to capture speed data from the speed 

detectors as well as the message data posted on the PDMS. Each speed detector captured individual 

vehicle speeds and vehicle type information and all data had time stamps. From this, the vehicle 

volumes, disaggregated by vehicle type, could be estimated. Each PDMS stored the start time, end time, 

and text for each message displayed. All this data was available to the research team. 
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3.3. Travel Time Data Collection 

As introduced previously, a typical NDOT AQD system comprises a speed sensor located at the 

merging taper of the WZ, and two sets of PDMS that are one mile and two miles away from the speed 

sensor, respectively. The Miovision data collection system is a five Miovision Scouts which are roughly 

even spaced upstream and downstream of the PDMS locations. The relationship between the AQD 

system and the Miovision data collection system can be found in Figure 3.5. Note that the Miovision 

data collection system can only be in either one of the PDMS locations at a time. 

 

 

 

Figure 3.5. Relationship between the AQD system and Miovision data collection system 

 

The Miovision Scout portable units, as shown in Figure 3.6 (a), consist of two types of detectors 

(e.g., cameras and WiFi receivers), and both were used to capture traffic data. Cameras within the 

portable units were used to obtain video data of traffic traversing the roadway. The WiFi receivers were 

used to capture Media Access Control (MAC) addresses, and their associated time stamps, from passing 

vehicles. Any electronic unit in a passing vehicle that has (1) short-range communication capabilities, 

and (2) is enabled, would provide MAC addresses. These electronic units could include laptops, tablets, 

mobile/cell phones, and communication systems within the vehicle. 

 

 
 

Figure 3.6 The data collection system of (a) a Miovision Scout unit (b) the layout of the five 

Miovision stations (c) a field deployment example. 
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Five Miovision Scout units formed the travel time data collection system, as shown in  Figure 3.6 

(b). The five Miovision Scout stations, labeled stations 1 through 5 were placed at approximately 0.5 

mile spacing in the vicinity of the PDMS being analyzed. The goal was to place Station 3 as close to 

the PDMS, as was practical. Stations 1 and 2 were placed approximately 0.5 and 1 mile upstream of the 

PDMS. Stations 4 and 5 were placed approximately 0.5 and 1 mile downstream from the given PDMS. 

As shown in  Figure 3.6 (c), each Miovision Scout unit was attached to a mile-marker sign. The 

research team ensured the WiFi antenna was pointed perpendicular to passing traffic and the camera 

faced oncoming traffic.  

Because it was necessary to attach the devices to a mile-marker sign, the exact location of the 

Miovision units varied from work zone to work zone. After the research team placed the five Miovision 

Scout portable detectors in the field they measured the distances between them using the embedded 

GPS, which is accurate to within a 23 ft radius (Miovision Website). The measured distances were then 

compared to the distances on the mile-marker signs. The average difference between the distances 

measured by the GPS and the distances indicated on the mile-marker signs was 1.1%. Consequently, 

the measurements obtained from the GPS were used for all further calculations.  

It should be noted that before setting up the data collection systems at Waco-Utica and Big Springs, 

the AQD system had been operational for several weeks and had been well tested. Therefore, it was 

assumed any commuter drivers were familiar with the AQD system operating as part of the work zone.  

It was also assumed that the data collection system had minimal or no effect on driver behavior. 

This was because the data collection units are relatively small and are attached to existing mile-marker 

signs which help hide their profile as shown in Figure 3.6 (c). The data collection was scheduled for the 

same period each day from 8 AM to 8 PM. No information was collected when the research team was 

setting up the system or changing out the batteries. 

Data collection was conducted in two phases. The first phase was during September through 

November in 2020, and the second phase was in July 2021. Four work zone test sites were selected for 

travel time data collection. The speed limit at all four test sites was reduced from 75 mph to 55 mph in 

the work zone, which began about 2 miles upstream of the work zone and ended just past the end of the 

work zone. The deployment of the data collection systems at these four test sites is described below. 

 Waco test site 

Data were collected at the I-80 Waco work zone in September 2020 and lasted about 2 weeks. Five 

Miovision stations were attached to the mile marker poles. The deployment of the Miovision data 

collection system is shown in Figure 3.7. 
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(a) Work zone test site located between Waco and Utica 

 

 

(b) Data collection stations at PDMS 1 

 

 

(c) Data collection stations at PDMS 2 

 

Figure 3.7 The layout of the five Miovision units at the Waco test site 

 

 Big Springs at PDMS 1 

Data collection at Big Springs was conducted during September and October 2020 and lasted about 

3 weeks. The target PDMS (PDMS 1) is located at mile marker 108, WB I-80. Figure 3.8 showed the 

settings of the Miovision data collection system, which were located at mile markers 107, 107.5, 108, 

108.5, and 109, respectively. In other words, the five Miovision units were 0.5-mile spaced and covered 

1 mile upstream and 1 mile downstream of the PDMS.  

 




















































































































